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Individual nanoscale building blocks exhibit a widenge of
size-dependent properties, since their size cartubed over
known characteristic length scales of bulk matsrialn the last
several years, the possibility of combining diffgrenaterials in
the form of two and three component nanopartidiés) has been

for nanocrystal-derived solids as well, where thesel more
component systems may exhibit a wider range of\iehes when
compared to binary systems. However, a fundametifiatulty

arises in the formation of ternary nanoparticle eslgttices,
namely it is still challenging to precisely contrble sizes and

extensively exploref:2® Also multi-component materials can beespecially the interactions between the NP in sachay as to

obtained via self-assembly of NPs from their binaotloidal

promote the formation even of just binary nanopbeati

mixtures**** These new nanocrystal solids may possess tunalsiepercrystals. While we can anticipate that trtffieulties will

collective properties that originate from interaos between size
and composition controlled building blocks. Exchangpupling

between neighboring NPs of magnetically soft andl lmaaterials

enhances the magnetic energy product of the narusite

materiall*®1"]
semiconducting CdSe NPs revealed enhancement
photoluminescence intensity of large semicondugtarticles
accompanied by quenching of photoluminescencenefsmall
particles because of long-range resonant transfeglectronic
excitations from the more electronically confinedadl particles
to higher excited states of the large parti€fdsRecently, it was
demonstrated that binary semiconducting composétenals can
show strongly enhanced electronic properties withua 100-fold
higher conductance as compared to the sum of ihaki
conductances of single-component filifs. Creation of highly
periodic superlattices is expected not just prowite control of
the homogeneity of the sample but also affect thedperties. It
was shown that silver nanocrystals organized imtigogic cubic

be addressed over time, here we show a straighafdrpath to
creating ternary nanoparticle superlattices whitdy chaving to
control the interactions between two types of NPs.

The approach adopted here takes advantage of tentre

Randomly mixed solids of small and largediscovery of methods to prepare one type of NP detaly

eclosed within a hollow shell of a second t{ge There are two
ways in which such nested nanoparticle structuras be
developed. First, a core particle such as Pt or can be
overcoated with a second material, such as Co pwhih are
then oxidized to yield the hollow shell materialA second
approach involves careful control of the oxidatioha single
material, such as Fe or Co. The outer layer of hifflie oxidized
under conditions where the nanoscale Kirkenda#atffs used to
make the shell hollow, i.e., to produce a void kbhetween the
outer shell and the inner cdfé. After the formation of a thin
oxide layer, subsequent growth occurs by outwarthineation
diffusion to the outer surface, rather than inwaitfusion of
oxygen anions. If the oxidation process is welhteolled, it is

structures vibrated coherentf” and demonstrated a change inpossible to stop the oxidation before it is comgdetgenerating a

electronic transport properti€s!

hollow shell of metal oxide or halcogenide, witlsentral metallic

We can pursue the analogy in which nanocrystals amre?24 |n all cases the resulting particles are singlentical

considered as artificial atoms, whereby nanopartitiperlattices
can be viewed as a new type of solid. In inorganystals, many
new phenomena arise in ternary and higher ordempositions,
where it is possible to independently tune multipleeractions.
Extensive work in condensed matter physics focumsessolids
composed of three and more types of atoms, givieg, rfor
instance, to high-temperature superconductivityd anrange of
other finely tuned behaviors. The same conceptildhioold true
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entities that are soluble and processable througand
manipulation as with other nanocrystals, and yey ttontain two
distinct compositions with separate physical prapsr

Nanoparticle crystallization is quite sensitive garticle size
distribution, and to date there are only few molthiponent
systems with appropriate particle size distributidrere the best
control over particle size distribution was achigver iron/(iron
oxide) core/(hollow shell) NPs. Thus iron/(iron i)
core/(hollow shell) and solid Au NPs were chosen nazdel
systems to test the possibility of growth of teynameriodic
structures. Our studies on co-crystallization @&sth NPs revealed
that quasi-ternary nanoparticle superlattices (T$§)Stostructural
with binary NaCl, NiAs, AIB and two polymorphs of AB:
NaZny; and cub-AB; could be formed**>%! Also, nanoparticle
superlattices having NiAs structure were observed tiie first
time.

Modification of the synthetic approach developed3Sun, et
al ¥ led to the formation of iron —iron oxide core-toail shell
NPs with controllable size of the inner core anteoshell (Figure
1). We believe that first Fe NPs were synthesized then,
depending on the oxidation conditidf&2*?® different core-
hollow shell or even hollow oxide structures wesaried. In these
particles the iron oxide shell was highly polycafshe. Figure 1
represents a sample of 11.7 nm NPs taken at diffeneidation
states at 108C. The temperature range 80 — P@was found to
provide fast and controllable oxidation. Increading temperature
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increases the oxidation rate, and at i8®xidation was complete
in 10 minutes. Storing of these NPs under ambientlitions does
not lead to their further oxidation: no detectablenges were
observed in samples aged for 4 months. As-syntb@dPs have
narrow particle size distribution (std. ~7-9%) agiate for their
direct use in self-assembly experiments. Iron exidllow shell
NPs with ~4 nm iron core were chosen as a modepooent of
bifunctional material in self-assembly experimeh&cause their
core-hollow shell structure is clearly visualized TEM (Figure

Figure 1. TEM micrographs demonstrate different stages of
oxidation of Fe NPs at 100 °C: (a) 30 sec; (b) 3 min; (c) 30 min; (d)
high resolution TEM image of hollow oxide NPs with medium (~4
nm) core; (e) selected area electron diffraction pattern: solid and
dashed lines represent the strongest and weak diffraction lines of y-
Fe,0s, respectively; dots depict the position of diffraction lines of
Fe; the inset in (e) shows the area from which the nanobeam
diffraction was taken.

There are several ways to identify the crystalfihase of NPs.
Among the most powerful techniques are X-ray diffien (XRD)
and electron diffraction (ED). Mainly two crystalé iron oxide
phases have been reported to be synthesized ipaiansolvents
in 180 — 300 °C temperature range;&gmagnetite) ang-Fe03

(maghemitef?”?® These phases have only very slight difference

in crystalline lattices. In our samples XRD revealaearly
amorphous material and ED allowed us only to exeludre,0;
phase (hematite) (Figure 1e). The central iron eqeears rather
amorphous in agreement with previously reportech dat solid
FelFgO, core-shell structurd®! The line broadening of ED
pattern resulting from the nanoscale polycrystallgrains leaves
open the possibility of the co-existence oFe0; and FgO,
phases. Previously, it was reported that even sbiighly
crystalline NPs can have size-dependent mixed ceitipo of

magnetite and maghemite phaS8sin general, synthesis of solid

and hollow iron oxide NPs has been found to be gensitive to
the oxidation conditions (temperature, oxidationerstl) and

capping ligand&%3% This might explain the discrepancy in
crystalline phase and chemical stability of ironidex NPs
synthesized by different groups. High resolution MIE
investigations confirmed the polycrystalline nataféiollow core-
shell and hollow shell NPs.

On average, the outer oxide shell consisted of aBou 10
crystalline domains (Figure 1d). This means thattay80% of
atoms are located at or in the close proximity & surface of
hollow shell making the analysis of crystallineustures very
complex.

Co-crystallization of two component NPs, in thiseaingle-
phase Au particles and core-hollow shell iron —niroxide
particles, is an elegant way to make quasi-ternauitifunctional
materials, as it avoids the added complexity ostljizing three
separate types of particles. We found that selvabdy of
iron/(iron oxide) core/(hollow shell) and Au NPsdlgo the
formation of a number of quasi-ternary superlatigsostructural
with binary ionic and intermetallic compounds.

Mixing of hollow core-shell and Au NPs with 1 to 2
nanoparticle ratio followed by evaporation of taleeTCE
solvent mixture led to the formation of quasi-TNS&sstructural
with NaCl lattice (SG 225Fm-3m) (Figure 2, Table 1). These
structures were represented mainly by (100) andl)(fifojections
of NaCl-type superlattices (Figures 2a, 2b). Th#erdince in
contrast in the insert to Figure 2a demonstrats/(iron oxide)
core/(hollow shell) NPs with and without Au NPstheir tops.
Highly defective (110) planes were also observaduie 2c). On
average, ordering was observed across 1-5 micromation of
NaCl-type superlattices was previously observedAor- Ag®Y,
Fe - AuP? FgO, — AU and PbSe-P® nanoparticle
mixtures. Also, nanoparticle AB superlattices witttragonal
CuAu and orthorhombic AB superlattices were rembffe! In
the case of oppositely charged polymer spheres-N&SCI- and
NiAs-type superlattices were obtaiféd. The variety of non-
close-packed superlattices emphasizes the impertasic the
Columbic and dipolar interactions. Screening oSéhmteractions
opens up the possibility of the formation of othigpes of
superlattices with the same stoichiometry. We fouhdt co-
crystallization of iron-iron oxide hollow core-sheind Au NPs
with 1 to 2 nanoparticle ratio in the presence oftrae
dodecanethiol led to the formation of hexagonal Nigpe
superlattice (SG 19465/mmc) (Figure 2d, Table 1). The NiAs
structure can be described as ABACABAC stackindhiite Ni
atoms at the A sites and As at B and C sites. Tirentl As atoms
have face centered cubitd) and hexagonally close packdutyf)
environments, correspondingly. The NiAs-type wasnfib to co-
exist with AIB, type superlattice if iron/(iron oxide) core/(hallo
shell) and Au NPs were mixed with particle ratitol4 and extra
dodecanethiol was added (Figure 2e).

Crystallization of iron/(iron oxide) core/(hollovhsll) and Au
NPs with 1 to 4-5 particle ratio without extra caggpligands or 1
to 3 with extra oleic acid gives superlattice isostural with AlB,
%SG 191,P6/mmm) (Figures 3a-c, Table 1). This structure has

een observed for a number of different binary doatipns of
NPs and described in details in Refs [11,12,14]an8ing
transmission electron microscopy combined with gyer
dispersive x-ray spectroscopy was applied to megtmposition
of the superlattice. In the high annular dark fi8d@EM image
(Figure 3d) the high contrast, bright spots areibaited the
heavier element revealing the gold nanoparticle sgerlattice.
Spatial distribution of oxygen, iron and gold ED§nsls further
confirms the superlattice composition.

Mixing iron/(iron oxide) core/(hollow shell) and AWPs with 1
to 6-8 particle ratio without extra capping ligangiswith extra
oleyl amine gives superlattice isostructural with2x4****! and



its polymorphous cuboctahedral form cub-A8! (Figures 2f,g, functional and uni-functional NPs seems to be thekest model
Table 1). As in the case of solid binary NPs thesectures system to study the contribution of different paeiparticle
always appear co-existing with each other with @fgred interactions as a function of their compositionr @ork suggests
orientation relationship: usually (001) projectionrresponds to that further progress in synthesis of bi- and rduitictional NPs
cub-AB;3- and (110) projection is the most characteristic f will facilitate the access to novel families of g¢br and more
NazZnstype superlattices. component nanoparticle superlattices.

Entropy is considered as the sole driving force $eif-
assembly of non-interacting hard spheres favoumiogt densely
packed structurdd! However, we came across understandingable 1. Lattice density of different structures for nanoparticle size
that NPs are much more complex objects compardtatt non-  atio 0.44.
interacting spheres and that many interactionsui@blc, van der
Waals, dipolar, etc) can occur between particlesdlution and Superlattice type Density, Ref.
between particles and the substrate. Recentlystsliawn that the y=0.44
electrostatic interactions between oppositely obdngarticles can
play important role in determining the type of dajine
lattice™*142% |n the case of NPs, Coulombic interactions compet
with dipolar and van der Waals interactiéfs® Roughly equal
contributions of these interactions lead to theediity in binary
superlattice&® while their complexity continues to challenge our
theoretical understanding of nanoscale crystaibpat

Diverse interactions at the nanoscale make possialglization
of non-close packed structures. For instance, @vehe case of
monodisperse NP, we found that in addition to Wwatbwn cubic
(ABCABC...layer stacking) and hexagonal (ABABAB... layer
stacking) close-packing, simple hexagonal arrangeémef
particles with AAA... stacked hexagonally stacked tayef NPs
is possible due to strong dipole-dipole couplingween the
NPs? In binary mixtures the nature of nanoparticle ratéions
is even more complex and crystallization is guided a
combination of competing Coulombic, dipolar, and vker Waals
forces® These interactions allow superlattice formationb
dependent on a number of tuneable parameters swch a
temperature, charge states¢c. Combining the same iron/(iron
oxide) core/(hollow shell) and Au NPs and adjustitige
experimental conditions we were able to make safigrs with
packing density ranged from 0.5 up to 0.76 (Tab)e Such
significant difference in packing density rules ol validity of
the hard sphere approximation in the formation Bf diperlattice
and confirms the importance of interparticle int¢ians. The
crystalline nature of NPs gives us an access ftbrary of NPs
with different shapes. Also different complex getnies of multi-
functional NPs §uch as core-shgll, core-hollowIshellymbbel]s, NaZn,s with some | 0.69 33
etc can be obtained. Proper adjustment of compositiomulti- polydispersity in small NPs
component NPs might make possible effective contreér
dipole-dipole, charge-dipole and, especially, vaer dVaals
interactions. Also this can provide additional degy of freedom
not available in the world of atoms, ions and payrmaterials.
The difficulties encountered in co-crystallizing mothan two
types of NPs can be overcome by using multicompbnen
nanoparticles as the superlattice building blo@ke formation of
ternary nanoparticle superlattices greatly extetids range and
combinations of possible material types which canirtiermixed 11.7 nm Fe/Fe;0, and 4.5 nm Au NPs stabilized by oleyl
on the nanoscale. The nested topology of the caegs may amine and dodecanethiol respectively (the distance between
influence a range of properties. We believe sedeawmly of nanoparticles in 2D array of Fe/Fe304 is 1.8 nm while
complex “artificial atoms” (nanoparticle buildingldeks) may monodisperse Au NPs are 1.5 nm apart).
provide an efficient route to the formation of maks and
metamaterials not observed in nature. Self-assendflybi-

0.76 32,33

0.76 34

0.71 32,33

0.675 30, 32,
33,35

0.5 33
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Figure 2. TEM micrographs of different quasi-TNSLs formed by 11.7 nm iron/(iron oxide) core/(hollow shell) NPs and 4.5 nm Au NPs and
isostructural with (a-c) NaCl ((a), (b), (c) represent (100), (111) and (110) projections respectively); (d) (001) projection of quasi TNSLs
isostructural with NiAs; (e) NiAs-type quasi TNSLs co-exist with AlB,-type phase; (f) (001) projection of cub-AB;3 and (g) (110) projection of

NaZnis-type superlattices. Low right inserts into TEM images represent graphical sketches of corresponding projections and minimum
numbers of layers in such planes, leading to the formation of the patterns identical to the observed ones.
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Figure 3. TEM micrographs of (a) (001), (b) (110) and (c) (010) projections of quasi TNSLs isostructural with AIB,; (d) high angle annular
dark field STEM image of AIB,-type superlattice. Elemental maps of (e) oxygen, (f) gold and (g) iron obtained by recording spatial
distribution of respective EDS signal intensities; (h) averaged EDS spectrum taken form AlB,-type assembly

Experimental

in a glass vial with colloidal solution of NPs. Mixes of toluene with
TCE were used as solvents (1:1 by volume). Coll@daitions of Au and

Chemicals: Octadecenefoluene, ethanol, tetrachloroethylene (TCE),iron-jron oxide in toluene were mixed with TCE dsiihg solvent (~ 1:1

oleic acid, oleylamine AuGl Fe(CO), sodium borohydrate,
dodecyldimethylammonium bromide (DDAB), were purmsdd from
Aldrich. Oleic acid and oleylamine were of techihidagree of purity. All
chemicals were used as received.

Nanoparticle Synthesis: iron/(iron oxide) core/(hollow shell) and Au
NPs were synthesized in nonpolar solvents andligitbiwith amphiphilic
molecules containing long;£and G, alkyl chains, respectivelydollow

Iron-Iron Oxide core-shell nanoparticles: We used modified method of S.

Sun developed for synthesis of Fe NPs with densglgched F©,
shell® Briefly, 0.3 ml of oleylamine was dissolved in adecene (20
mL). The solution was kept under vacuum at 32Gor 30 min and than
the temperature was raised to 18D At this temperature, 0.7 mL of
Fe(CO} were injected into the solution and kept at £80for 30 min.
After that the colloidal solution was cooled to 1D and the air was
passed through the solution. Depending on the timiddime, different
hollow core-shell iron-iron oxide or hollow iron ioke structures were
formed. After oxidation the NPs were precipitatgdethanol followed by
centrifugation and washed out from the excesseflainine using toluene
— ethanol solvent-nonsolvent combinatiéw. nanoparticles: The detailed
synthesis of Au NPs is described in Refs [15,40].

Preparation of Nanoparticle Superlattices: To aid structural analysis,
the quasi ternary superlattices were grown on rmlecttransparent
substrates such as amorphous carbon film. Ultrathibon supported by
300 mesh copper grids (type A, Ted Pella, Inc.) eleaned from formvar
by dipping for 15 seconds in toluene. Substrat&\Trids) were placed

by volume). This solvent mixture provided the besproducibility and

area of ordering. In a typical experiment ~ 12420 of solution were

evaporated per grid. The vial was tilted by ~60heTdeposition of
periodic structures occurred on carbon side upoapenation of the

solvent at 40-50 °C under reduced pressure (~2&.KFhe increased
temperature is essential because of tendency dflPsito aggregation at
room temperature. To direct the self-assemblyl 2of TCE solution of

oleic acid or dodecanethiol (+L of capping ligands in 100 mL of TCE)
were added to the colloidal solution of NPs.

Characterization of nanoparticles and their superlattices: A Tecnai
G2 S-Twin electron microscope (TEM) operating ad 2¥ was used for
imaging Au and iron/(iron oxide) core/(hollow shelNPs and their
superstructures. High resolution TEM and high aragigular dark field
scanning transmission microscopy (HAADF STEM) stsdand mapping
of the elements were performed using JEOL 2100-B RU Field-
Emission Analytical Transmission Electron Microseagruipped with an
Oxford energy dispersive X-ray spectrometer (ED&) &atan imaging
filter for energy loss spectroscopy (EELS). Thrémehsional description
of the superlattices is based on surveying larg®ns of the samples and
recording a series of two dimensional (2D) projmtdi down the major
symmetry axes. To assign the observed structureystallographic space
groups, we built three dimensional (3D) models iffecent lattices using
Accelrys MS Modeling 3.1 software and cleaved thalong different
crystallographic directions. The TEM images werempared with
simulated projections to match the symmetry ofsuperlattices
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